Background. Vaccines against Streptococcus pneumoniae, Neisseria meningitidis, and Hemophilus influenzae type b induce functional opsonic or bactericidal antibodies to surface capsular polysaccharides (CP). Targeting the comparable Staphylococcus aureus CP seems logical, but to date such efforts have failed in human trials. Studies using immunization-induced animal antibodies have documented interference in opsonic and protective activities of antibodies to CP by antibodies to another S. aureus cell surface polysaccharide, poly-N-acetyl glucosamine (PNAG). Here we evaluated whether natural antibody to PNAG in normal human serum (NHS) had a similar deleterious effect.
Staphylococcus aureus is arguably one of the most important human pathogens [1] [2] [3] . Treatment is complicated by the explosion of methicillin-resistant and other antibiotic-resistant strains [3] [4] [5] . A protective vaccine could significantly reduce the morbidity, mortality, and costs associated with S. aureus infections [6, 7] . Based on analogies with successful vaccines to other bacterial pathogens [8] , including Streptococcus pneumoniae [9] , Neisseria meningitidis [10] , Hemophilus influenzae type b [11] , and Salmonella enterica serovar Typhi [12] , S. aureus capsular polysaccharides (CP) should be excellent components of a vaccine. Conjugated S. aureus CP antigens [13] have been used to engender adaptive immunity in humans, yet all clinical trials targeting these antigens have, to date, failed [13, 14] . One major issue regarding vaccine development for S. aureus is a lack of any significant understanding as to what constitutes high-level immune resistance in humans to these infections [15] , preventing research and clinical trials directed at inducing known and specific immune effectors.
There are other potential explanations for the failure of previous S. aureus CP vaccines. Elsewhere [16] we found that when immunization-induced antibodies to 2 S. aureus surface polysaccharide antigens, either poly-Nacetyl glucosamine (PNAG) or the CP type 5 or type 8 (CP5 or CP8), antigens were combined, instead of the expected additive or synergistic effects on bacterial killing and animal protection, an interference between these effectors resulted, which neutralized the individual functional efficacies. These findings led us to evaluate whether interference by natural human antibodies would inhibit the opsonic and protective properties of immunization-induced antibodies to PNAG or CP antigens.
METHODS
Serum samples from hospitalized patients were obtained under protocols approved by the University Hospital Freiburg (Freiburg, Germany). Serum samples from healthy subjects were obtained from 15 volunteers who gave informed consent for drawing blood. A pool of normal human serum (NHS) was purchased from GeneTex. All animal studies were conducted under a protocol approved by the Harvard Medical Area institutional animal care and use committee (Boston, MA). A P value of <.05 was considered to be statistically significant.
RESULTS
Functional opsonophagocytic killing activity (OPKA) of antibodies to S. aureus CP and PNAG antigens was evaluated in serum samples from 15 German patients with S. aureus bacteremia (Table 1) originating from skin and soft tissue infections, endocarditis, osteomyelitis, or pneumonia. Six patients had OPKA levels in unabsorbed serum of >30%, which is considered to be significant because serum OPKA levels of ≤30% do not protect against experimental S. aureus infection [16, 17] . These 6 serum samples had a range of killing of 40%-68% ( Figure 1A ). After absorbing these serum samples with cells of either the CP-negative S. aureus Δcap8 strain or PNAG-negative Δica strain to leave behind only the antibodies to CP or PNAG antigens, respectively, all of the patient's serum samples were able to mediate OPK of S. aureus, with 35%-80% killing ( Figure 1B) . However, when the serum samples were absorbed with a double mutant of S. aureus, Δcap8 + Δica, which leaves antibodies to both PNAG and CP, 9 of 15 serum samples had killing of only 1%-35% ( patients 7-15; Table 1 ; Figure 1B ). One patient (No. 2) had an increase in OPK levels in all absorbed samples compared with the unabsorbed serum, suggesting the presence of an absorbable, interfering factor in this sample, whereas another patient (No. 8) had OPK levels of 49% in unabsorbed serum but evidence of interference after absorption of the samples. Overall, in 9 of 15 patient's serum samples we found evidence for low OPKA levels that increased significantly when antibodies to either PNAG or CP antigens were removed.
To determine whether combining deacetylated PNAG (dPNAG) conjugate vaccines [17, 18] and CP-conjugate vaccines could induce effective, noninterfering immunity if antigens were administered simultaneously, several immunization protocols were studied using dPNAG, CP5, and CP8 conjugated to tetanus toxoid (TT). These antigens were injected subcutaneously alone, mixed together, or into 2 different injection sites (Table 2) .
No natural antibodies to PNAG, CP5, or CP8 were detected in any pre-immunization mouse serum samples (Supplementary Figure 1 ). Immunization with dPNAG-TT alone (Supplementary Figure 2A ) generated a good immune response to PNAG. A diminished immune response to PNAG was measured when mice were immunized with dPNAG-TT plus one or both of the CP5-TT or CP8-TT antigens, except when immunization was performed by injecting dPNAG-TT at one site and a combination of CP5-TT and CP8-TT at another site (Supplementary Figure 2A) . After immunization by CP5-TT alone or CP8-TT alone (Supplementary Figure 2B and 2C) , good immune responses to CP5 and CP8, respectively, were detected. Positive control binding curves are shown in Supplementary Figure 2D . Combining CP-TT antigens with dPNAG-TT antigens had little impact on immunogenicity and binding of CPs, as determined by enzyme-linked immunosorbent assay (ELISA).
Mice immunized with dPNAG-TT or CP8-TT alone, but not CP5-TT, had an OPKA level against the PNAG-and CP8-producing S. aureus strain PS80 of ≥50% (Figure 2A ). Mice immunized with dPNAG-TT alone or CP5-TT alone, but not CP8-TT, had serum with OPKA levels of ≥50% against the PNAG-and CP5-producing S. aureus strain Newman ( Figure 2B ). However, when a bivalent vaccine containing dPNAG-TT plus either CP5-TT or CP8-TT was administered into either the same or separate injection sites, we could not detect OPKA against either S. aureus strains Newman or PS80 or the non-CP-producing S. aureus strain LAC (pulsed-field type USA300; Supplementary Figure 3A-3C) . Similarly, when we mixed different dilutions of the antiserum raised to dPNAG-TT alone, that had OPKA level of ≥50%, with a constant concentration of the antiserum to either CP5 ( Figure 2C ) or CP8 ( Figure 2D ), we found the OPKA level of the antibodies to CP was reduced to <30%, and this interference titered out as the concentrations of antibodies to PNAG were reduced. We next studied whether OPKA could be measured in the antiserum to both CP and PNAG antigens by removing antibody to one or the other surface polysaccharide. Serum samples were absorbed with a PNAG-negative Δica strain or with a CP-negative Δcap strain of S. aureus (Supplementary Figure 4A-4D ). After absorption, there was clear OPKA against S. aureus Newman or PS80 in serum of mice coimmunized with bivalent dPNAG-TT and CP5-TT or CP8-TT (Supplementary Figure 4A and 4B), indicating interference in the functional activity of these antibodies when both are present in the same serum. Serum absorbed with a double ica and cap mutant to leave behind antibodies to both Figure 4C) , again confirming that functional antibodies to CP were present in the antiserum whose activity was being inhibited by the antibodies to PNAG. In the serum of mice injected with dPNAG-TT and CP-TT antigens separately into contralateral flanks that would be drained by different lymph nodes, there was no OPKA either before or after absorptions with the different single mutants to remove either antibody to PNAG or CP antigens (Supplementary Figure 5A-5D ). This failure to elicit measurable OPKA levels occurred in all 3 groups of mice immunized in separate flanks with dPNAG-TT and CP5-TT or dPNAG-TT and CP8-TT as well as in mice immunized with dPNAG-TT in one flank and a mixture of CP5-TT and CP8-TT in the contralateral flank. Thus, in spite of detecting binding antibody by ELISA to these antigens, this method of immunization did not result in induction of functional OPKA antibodies.
In serum samples from 15 healthy adult subjects with no history of significant S. aureus infection, as well as a pool of commercially available NHS, we detected immunoglobulin G antibodies to PNAG, with titers of ≥640 ( Figure 3A ). One NHS sample had antibodies to CP5 ( Figure 3B ) and 2 had antibodies to CP8 ( Figure 3C ), one being from the same individual with antibodies to CP5. To determine whether antibodies or other factors in NHS interfered with binding of rabbit polyclonal antibodies raised to either CP5-TT or CP8-TT to their respective antigens, we added 1:10 dilutions of the animal antiserum to 1:10 dilutions of the 15 NHS samples, subsequently diluted these samples, and measured the reactivity of the rabbit polyclonal antibodies to CP antigens. Overall, Figure 2 . Opsonophagocytic killing activity in antiserum from mice immunized by antigens injected individually or in combination. A and B, Killing of Staphylococcus aureus PS80 (CP8) or S. aureus Newman (CP5), respectively, by indicated antiserum at the dilution indicated on the x-axis from mice immunized with dPNAG-TT, CP5-TT, or CP8-TT antigens alone. C and D, Killing of CP5 or CP8, respectively, by antibody to dPNAG-TT or CP injected individually or mixed together (decreasing amounts of antibody to dPNAG-TT added to constant amount of antibody to CP). Bars indicate the means ofthe rabbit antibodies bound well to CP5 or CP8 antigens ( Figure 3D and 3E) , although several of the NHS samples did produce some diminution (up to 25% decrease) of the binding of the rabbit polyclonal antibodies to CP antigens.
Assessment of the endogenous OPKA to S. aureus in the NHS samples found that only the 2 serum samples that had binding by ELISA to a CP antigen had OPKA levels of >30% against S. aureus Newman or PS80 ( Figure 4A ). To determine whether antibodies to PNAG in the NHS could interfere with the OPKA of immunization-induced rabbit antibodies to CP5 or CP8, we evaluated the effect of mixing the rabbit antiserum with either unabsorbed NHS or S. aureus Δica absorbed NHS. Thirteen of 15 unabsorbed NHS samples inhibited killing of S. aureus Newman or PS80 mediated by rabbit antibodies to CP5 or CP8 ( Figure 4B) ; the 2 exceptions were found to correspond with NHS samples 2 and 3 ( Figure 3C ), which had endogenous activity to CP antigens. The maximal interference was observed at the highest concentration of NHS tested, after which the interference titered out. One NHS sample (No. 8) inhibited the OPKA mediated by antibodies to CP8 but not to CP5 ( Figure 4B and 4C) . The interference was removed by absorbing the NHS with S. aureus Δcap5 or S. aureus Δcap8 ( Figure 4C ) to remove the antibodies to PNAG. Thus, absorption of antibodies to PNAG from most NHS removes interference and restores OPKA mediated by rabbit antibodies to CP antigens.
These results were confirmed with a pool of NHS samples, wherein no OPKA level of >30% against S. aureus strains D and E, Binding of rabbit antibody raised to CP5-tetanus toxoid (TT) to CP5 or rabbit antibody raised to CP8-TT to CP8, respectively, in the presence of 1:10 dilutions of 15 NHS samples. F, Positive controls: rabbit antiserum raised to PNAG (top), rabbit antiserum raised to CP5-TT (center), or rabbit antiserum raised to CP8-TT (bottom). Abbreviations: CP, capsular polysaccharide; OD, optical density; PNAG, poly-N-acetyl glucosamine; TT, tetanus toxoid.
Newman ( Figure 5A ) or PS80 ( Figure 5B ) was present regardless of whether NHS samples were unabsorbed or absorbed to remove antibody to either PNAG or CP antigens. When the pooled NHS, either unabsorbed or absorbed to leave behind antibody to PNAG, was added to rabbit antibody to CP5-TT, there was a small interference (20% decrease) in OPKA, but a stronger interference of OPKA by the rabbit antibody to CP8-TT ( Figure 5C and 5D) . Absorption of the pooled NHS with S. aureus Newman Δcap5 or PS80 Δcap8 to remove antibodies to PNAG eliminated the interfering effect.
There was no interference in OPKA against either S. aureus Newman (Supplementary Figure 6A) or PS80 (Supplementary Figure 6B) when we added polyclonal rabbit antibodies to PNAG to either unabsorbed or absorbed NHS.
In experimental S. aureus skin abscesses, mice immunized intraperitoneally with polyclonal antibodies to dPNAG-TT alone or mixed together with NHS (equal volumes) had a significant reduction in the number of colony-forming units (CFUs) per abscess with S. aureus PS80 ( Figure 6A ) or Newman ( Figure 6B ), compared with mice injected with NHS alone, indicating that antibodies to PNAG were protective in the presence of NHS. Mice challenged with S. aureus PS80 after injection with antibody to CP8 had significantly reduced numbers of CFUs per abscess, whereas coinjection of antibody to CP8-TT and NHS abrogated this protection (P < .006; Figure 6C ). Interestingly, but consistent with the OPKA data showing only small interference when unabsorbed pooled NHS was added to rabbit antibody to CP5-TT ( Figure 5C ), no interference in protective activity was observed in vivo when the rabbit antibody to CP5-TT was added to the pooled NHS ( Figure 6D ). As the pooled NHS had low interference of the OPKA mediated by the CP5-TT induced antibody, whereas some of the individual NHS samples tested had high interference in this setting, we pooled 6 individual NHS samples with high in vitro interference in the OPKA and tested them alone or after mixing with rabbit antibodies to CP5-TT to test for OPKA (Supplementary Figure 7A) and protection (Supplementary Figure 7B ). We detected high levels of interference in OPKA with the selected NHS pool, as well as in vivo, wherein the rabbit antibodies to CP5 lost their protective efficacy when combined with these selected human serum samples. Using this selected NHS pool, we then found that the interference mediated by the natural antibodies to PNAG on the OPKA of the anti-capsule antibodies could also be removed after absorption of the NHS by a non-S. aureus PNAG-producing bacterium such as Escherichia coli (Supplementary Figure 8) . Finally, the interference mediated by the natural antibodies to PNAG present in NHS was also present when a mouse model of bacteremia was used (Supplementary Figure 9) with significantly fewer CFUs in the blood of the mice immunized by rabbit antibodies to CP5 (Supplementary Figure 9A) or CP8 Control rabbit antibody to CP5 or CP8 mediated 62%-70% killing at a 1:10 serum dilution. B, OPKA of S. aureus Newman or PS80 strains mediated by rabbit antibody to CP5-TT or to CP8-TT, respectively, when added to the indicated dilution of 15 unabsorbed NHS samples. Three NHS samples showed a greater decrease in OPKA of the rabbit antibody to capsular polysaccharide (CP) at a 1:40 dilution compared with that at a 1:10 dilution (1 for CP5, 2 for CP8), and 1 NHS sample had no reduction in the OPKA of rabbit antibody to CP5. Symbols indicate OPKA of rabbit immune serum mixed with 1 NHS sample at the indicated dilution, and bars indicate the group medians. Control rabbit antibody to CP5 and CP8 in the absence of added NHS mediated 60%-62% killing at a 1:10 serum dilution. Controls lacking complement had <1% killing. C, OPKA of S. aureus Newman or PS80 strains mediated by rabbit antibody to CP5-TT or CP8-TT, respectively, when added to indicated dilutions of 15 NHS samples that had been absorbed to remove natural antibody to poly-Nacetyl glucosamine. Results shown are in the presence of all OPK components. Symbol indicate activity of the rabbit antiserum in 1 NHS sample at the indicated dilution, and bars indicate the group medians. Control rabbit antibody to CP5 and CP8 in the absence of added NHS mediated 65%-70% killing at a 1:10 serum dilution. Controls lacking complement had <1% killing. Abbreviations: NHS, normal human serum; TT, tetanus toxoid. Figure 9B) than in the blood of mice immunized with NHS or a mix of NHS and anti-CP antibodies.
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DISCUSSION
For many bacterial pathogens, acquisition of bactericidal or opsonic antibodies to surface capsules correlates with longterm immunity [9, 11, 19] . However, S. aureus infections have recurrence rates of 20%-33% [4, 20, 21] , usually with the same strain [20, 22] , suggesting that the human immune response to infection with this pathogen often does not lead to capsulespecific protective responses. Prior results [16, 23] , and results presented here, indicate that opsonic antibodies to S. aureus CP or PNAG antigens are uncommon in either NHS or convalescent serum from S. aureus-infected humans [16] . One exception has been found in serum from S. aureusinfected bacteremic patients [16] . However, within these serum samples there is a frequent occurrence of interference in OPKA between the antibodies to CP and PNAG antigens [16] . Here we demonstrated that this interference can occur not only with infection-induced antibodies to PNAG but also with natural, non-opsonic antibodies to PNAG that are present in most NHS samples by showing that adding NHS to immunization-induced rabbit antibodies to CP5 and CP8 abrogates their OPKA and protective efficacy in mouse models of skin infection and bacteremia. This finding could have been an Figure 5 . Opsonophagocytic killing activity (OPKA) in a pool of normal human serum (NHS) samples. A and B, OPK of Staphylococcus aureus strain Newman or PS80, respectively, mediated by rabbit antibody raised to dPNAG-TT or rabbit antibody raised to CP5-TT or CP8-TT or mediated by the NHS pool. Controls had no complement. Rabbit antiserum raised to dPNAG-TT or CP-TT antigens individually had good killing. No killing (>30%) was mediated by the pool of NHS, unabsorbed or absorbed with S. aureus mutants to leave behind only antibodies to poly-N-acetyl glucosamine (PNAG; absorption with S. aureus Δica) or to capsular polysaccharide (CP; absorption with S. aureus Δcap). C and D, Effect on OPKA of the addition of indicated dilutions of pooled NHS to a constant amount of rabbit antibody to either CP5-TT or CP8-TT, respectively. NHS samples were either unabsorbed or absorbed to remove antibody to CP antigens (absorption with Δica mutant) or PNAG (absorption with Δcap mutant). Bars indicate the means of 4 replicates per assay. Controls lacking complement had killing of <1%. Abbreviations: CP, capsular polysaccharide; dPNAG, deacetylated poly-Nacetyl glucosamine; NHS, normal human serum; TT, tetanus toxoid.
important factor in the failures of 2 clinical trials of S. aureus CP-conjugate vaccines in hemodialysis patients [13, 24, 25] and could impact newer attempts to use the CP antigens as vaccines.
Interference was specific to natural human antibodies to PNAG, as absorption of NHS with a PNAG-producing S. aureus strain, but not a PNAG-deficient mutant strain, restored the OPKA and protective efficacy of immunizationinduced antibody to CP antigens mixed with the absorbed NHS. The OPKA was also restored after absorption of the NHS with a non-S. aureus PNAG-producing bacterium such as E. coli. We did find the interference in the OPKA and protective activity of antibodies to CP5 in a pool of NHS was low and did not affect in vivo protection, but when a pool of NHS with higher interference in the CP5-specific OPKA was used, the rabbit antibodies to CP5 lost efficacy in vivo. Thus, interference between NHS antibodies to PNAG and antibodies to CP5 may be more variable than the interference between NHS antibodies to PNAG and antibodies to CP8. Although one can overcome the interference in OPKA and in vivo protection with a sufficiently high level of antibody to one of the S. aureus surface antigens in the presence of antibody to the other polysaccharide antigen [16] , maintaining this high level over time following immunization may be difficult. This hypothesis is consistent with the results of a vaccine trial of CP-conjugate vaccine [13] wherein protective efficacy against S. aureus bacteremia was found at 40 weeks postvaccination but was lost at the study endpoint at 54 weeks. Although one explanation might be loss of adequate levels of antibody after 40 weeks in the immunized group, the reported mean C, CFUs of S. aureus per abscess in mice injected with rabbit antibody to CP8-TT, CP8-TT plus NHS, or NHS alone. Overall ANOVA; P < .006; pairwise comparisons shown on figure. Challenge was S. aureus PS80 (10 6 CFUs). D, CFUs of S. aureus per abscess in mice injected with rabbit antibody to CP5-TT, CP5-TT plus NHS, or NHS alone. Overall ANOVA; P < .0001; pairwise comparisons shown on figure. Challenge was S. aureus Newman (10 6 CFUs). Abbreviations: CP, capsular polysaccharide; NHS, normal human serum; NS, not significant; PNAG, poly-N-acetyl glucosamine; TT, tetanus toxoid.
antibody levels to the CP antigens at this point in the immunized group were quite high (>70 µg/mL), and thus a reasonable alternative explanation for the failure of this clinical trial is that the antibody to CP antigens had dropped below the efficacious level due to interference from the natural antibody to PNAG in the patient's serum.
There was no interference in the binding of mixtures of antibody to CP and PNAG antigens as determined by ELISA. We attribute this to the much higher concentration of antigen in an ELISA as compared to an OPK assay or an in vivo infection. ELISA plates are coated with 60-3000 ng of antigen per well in total, but in an OPK assay or in vivo infection, where the number of bacteria is approximately 2 × 10 5 CFUs/mL to perhaps a maximum of 10 6 CFUs/mL in vivo, respectively, the amount of surface polysaccharide present is likely in the low femtogram range [26, 27] , thus 6-9 orders of magnitude lower than in the ELISA. We attempted to engender noninterfering antibodies by injecting mice with dPNAG-TT and CP-TT antigens either combined together or into different anatomic sites that would be drained by different lymph nodes. Antibody responses were detectable by ELISA, but they were not functional in OPK assays. We were able to relieve the interferences by absorbing the serum with a mutant strain of S. aureus that left behind only antibodies to CP or PNAG antigens. The only exceptions were the mice given dPNAG-TT in one flank and CP5-TT and/or CP8-TT in other flank, wherein no OPKA was measured, even following serum absorptions. Overall, coimmunization did not redirect the antibody responses to noninterfering types.
Taken as a whole, the presence of natural, non-opsonic, nonprotective antibodies to PNAG in NHS could have several major negative consequences for human immunity to S. aureus. For example, patients with S. aureus bacteremia often make antibodies to the CP antigens [16] , which could potentially be a protective immune response against reinfection, but the natural non-opsonic antibodies to PNAG present in most NHS appear to neutralize their protective efficacy in vivo. Additionally, natural antibodies to PNAG might have a deleterious effect on CP-directed active and passive vaccination strategies. Although there might be an initial period after vaccination wherein the level of antibodies to CP are high enough to overwhelm any interference from natural antibodies to PNAG, the decrease in antibody levels to the CP antigens would eventually be associated with a loss of protective activity when the interference from natural antibodies to PNAG takes effect. Notably, we found little to no natural antibodies to CP antigens in NHS, which suggests that opsonic antibody to PNAG may not suffer from the same consequence of interference in NHS as antibodies to the S. aureus CP antigens potentially do from the natural antibody to PNAG.
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